Simian virus 40 (SV40) is among the best-characterized DNA tumor viruses and has been employed widely to probe mechanisms of cellular growth control (1, 10, 31) . The oncogenic potential of SV40 is harbored by two virus-encoded proteins, the 708-amino-acid large T antigen and the 174-aminoacid small t antigen. The large T antigen is necessary and often sufficient to induce cellular transformation, while the small t antigen contributes to transformation in some cell types or under certain assay conditions. In some cases, oncogenic signals in addition to those provided by the large and small T antigens are needed for full transformation (13) . The small t antigen's contribution to transformation is effected through its association with the cellular phosphatase pp2A (26, 29, 38) . Much of the large T antigen's transforming activity is explained by its direct interaction with the retinoblastoma (Rb) protein family of tumor suppressors and with the tumor suppressor p53. The inactivation of Rb proteins by T antigen is thought to drive quiescent cells into S phase, while T antigen's action on p53 is thought to prevent apoptosis. Amino-terminal truncation mutants of the large T antigen that retain the ability to bind and inactivate the Rb proteins induce cell proliferation and neoplasia when expressed in many established cell lines or in multiple tissues of transgenic mice (5, 16, 17, 25, 30, 34, 37, 40) .
The Rb family of tumor suppressors consists of three proteins, pRb, p107, and p130, which are major regulators of the G 1 /S checkpoint of the cell cycle (reviewed in reference 6). Growth regulation by the Rb family is effected primarily through its interaction with the E2F family of transcription factors. The E2Fs are subcategorized into activators, including E2F1, E2F2, and E2F3a; repressors E2F3b, E2F4, and E2F5; and the less characterized E2F6, E2F7, and E2F8 (8, 22, 23) . The E2Fs regulate the transcription of many genes necessary for both the G 1 /S and G 2 /M phase transitions (3, 43) . Rb proteins induce and maintain growth arrest by binding to E2Fs and thereby repressing E2F-responsive gene transcription. Upon growth-stimulatory signals, the Rb protein becomes hyperphosphorylated by cyclin-dependent kinases, ultimately resulting in the release of E2F and derepression of E2F transcription, thus allowing entry into the cell cycle.
The SV40 large T antigen bypasses Rb-dependent repression, even in the absence of external growth signals. T antigen binds to pRb and the related proteins p107 and p130 via an LXCXE motif. T antigen disrupts p130-E2F complexes by recruiting the cellular molecular chaperone hsc70 through the J domain at its amino terminus (36) . T antigen then catalyzes the release of E2F from p130 by an energy-dependent mechanism involving ATP hydrolysis by hsc70. As a consequence of T-antigen action, p130 is transported to the proteasome, where it is degraded (35) . T antigen is thought to stimulate the release of E2F from pRb and p107 by similar mechanisms, although these processes are less well studied. The disruption of Rb-E2F complexes and the consequent release of E2F are thought to lead to the derepression of E2F-responsive genes.
In this study, we have taken advantage of the unique architecture of the small intestine, where pluripotent progenitor cells residing in the crypts can be separated from terminally differentiated enterocytes that occupy the villi, to allow exploration of the role of the E2F family in SV40-mediated transformation. Previous studies have shown that expression of wild-type large T antigen in enterocytes induces their ectopic proliferation and that the induction of hyperplasia is dependent on T-antigen binding to Rb proteins (4, 15, 18) (Fig. 1) . Furthermore, expression of the first 121 or 13b amino acids of T antigen is capable of inactivating Rb proteins and is sufficient for hyperplasia (17) (Fig. 1) . The ability to isolate highly enriched populations of enterocytes from transgenic mice has allowed us to examine the molecular interactions of T antigen with the Rb-E2F pathway and to explore their effects on E2F-mediated gene regulation and enterocyte proliferation. We found that specific activators, E2F2 and E2F3a, are responsible for the proliferative phenotype induced by T antigen. These results favor a model in which each E2F factor has tissuespecific roles and cannot be replaced by increased levels of other members of the family.
MATERIALS AND METHODS

Generation of T-antigen-transgenic mice.
All animal use and manipulation described in this report complied with all relevant federal guidelines and institutional policies. The promoter region (1.2 kb) of the rat intestinal fatty acid binding protein (IFABP) was excised from pEP.IFABP (J. Gordon, Washington University, St. Louis, MO) via EcoRI/SalI digestion and inserted into the EcoRI/ SalI-linearized phrGFP vector (Stratagene), generating the pIFABP.GFP plasmid. A BamHI/XhoI fragment (2.7 kb) from pRSVBneo3213 (28) , encoding a T-antigen mutant with Glu-to-Lys substitutions at residues 107 and 108, was ligated to the 3.9-kb BclI/XhoI vector portion of pIFABP.GFP. The resulting plasmid (pIFABP.3213) was digested with SacII/MluI to yield a 4.2-kb fragment containing the IFABP promoter, the coding sequences for SV40 large-T-antigen mutant 3213, and the SV40 polyadenylation signals. ). All pedigrees were maintained by crosses to nontransgenic FVB mice obtained commercially (Taconic Labs). All routine screenings for several murine pathogens and parasites were negative.
The genotype of each mouse was determined using DNA from murine tails and PCR with primers spanning the region from the IFABP promoter (5Ј-CTG TTT GGT TTG GTT TAT CGC C) to the second exon in the T antigen (5Ј-CCA TTC ATC AGT TCC ATA GGT TGG), which yielded a 1.1-kb product after 30 cycles of conventional PCR with annealing at 55°C.
Generation of T-antigen-transgenic mice in an E2F knockout (KO) background. E2F1 Ϫ/Ϫ , E2F2 Ϫ/Ϫ , and E2F3a Ϫ/Ϫ mice have been generated previously (9, 20; R. Opavsky and G. Leone, unpublished data). Standard genetic crosses were performed to generate E2F2 Ϫ/Ϫ , E2F3a Ϫ/Ϫ , and TAg wt mice, or their various combinations. The genotype of each mouse was determined using DNA isolated from murine tails followed by PCR with protocols detailed elsewhere (20) and in the preceding section. All mice used in this study were adults, with ages ranging from 1.5 to 6 months. Mice used for comparisons between different genotypes were age matched.
Intestinal epithelial fractionation. Intestinal fractions enriched for villi were prepared as described previously (24) , except that different concentrations of EDTA were used for the first incubation, depending on the genotype of the mouse under analysis: 5 mM for nontransgenic and TAg 3213 mice and 3 mM for TAg wt and TAg N136 mice. Imununoblot and immunoprecipitation analysis. Conventional Western blotting and immunoprecipitation techniques have been described previously (24) . Appropriate dilutions of the following primary antibodies were used: anti-pRb mouse immunoglobulin G (IgG) (G-3245, 14001A) from BD-Pharmingen and anti-pRb mouse IgG1 (IF8; catalog no. sc-102), anti-p130 rabbit IgG (C-20; catalog no. sc-317), anti-p107 rabbit IgG (C-18; catalog no. sc-318), anti-E2F1 rabbit IgG (C-20; catalog no. sc-193), anti-E2F2-mouse IgG1 (TFE25; catalog no. sc-9967), anti-E2F2 rabbit IgG (C-20; catalog no. sc-633), anti-E2F3 rabbit IgG (C-18; catalog no. sc-878), anti-E2F4 rabbit IgG (A-20; catalog no. sc-1082), and anti-histone H3 rabbit IgG (FL-136; catalog no. sc-10809) from Santa Cruz Biotechnologies. Goat anti-mouse (A2554) and goat anti-rabbit (A0545) antibodies (Sigma) linked to horseradish peroxidase were used as secondary antibodies. The peroxidase reactions were developed with ECL-plus reagents (Amersham Life Sciences). Appropriate positive and negative E2F controls were obtained from nuclear extracts from S-phase-synchronized wild-type or E2F KO mouse embryonic fibroblasts (MEFs), prepared as described previously (21, 24) , or from 293 cells infected with an E2F-expressing adenovirus vector.
E2F electrophoretic mobility shift assay (EMSA). E2F protein-DNA complexes were analyzed as described previously, with minor modifications (36) . Centri ⅐ Spin-20 columns (Princeton Separations) were used to remove unincor- Reverse transcription-PCR (RT-PCR) analysis. RNAs were extracted from whole intestines or intestinal fractions (RNeasy; Qiagen). The cDNAs were amplified by PCR using primers specific for Adh (5Ј-ATGACAGATGGGGGCGTGG ATTAC-5Ј-TGGAATGGACGAGTGGAGATTTC), E2F1 (5Ј-TTGCCTGTCTG TTTGCTGAGCC-5Ј-CGGAGATTTTCACACCTTTCCCTG), E2F2 (5Ј-TTCGC TTTACACGCAGACGG-5Ј-AATGAACTTCTTGGTCAGGAGCC), E2F3a (5Ј-AGCCTCTACACCACGCCACAA-5Ј-ATCCAGGACCCCATCAGGAGAC), E2F3b (5Ј-TTACAGCAGCAGGCAAAGC-5Ј-GAACTTCTTGGTGAGCAGA CCG), E2F4 (5Ј-CCAAGAATCCTCTCCTCCAAG-5Ј-GCACAGACACCTTCA CTCTCGTCC), Rb (5Ј-TCACACAACCCAGCAGTGC-5Ј-CTATCCGAGCGC TCCTGTTC), p107 (5Ј-TGGATTATTGAAGTTCTC-5Ј-CTGATCCAAATGCC TATC), p130 (5Ј-TTGGGACTCTGTCTCGGTGTCTAAG-5Ј-AATGCGTCAT GCTCCAGAACACCAG), p19 ARF (5Ј-TGGACCAGGTGATGATGATGG-5Ј-A AGAAAAAGGCGGGCTGAGG), TK1 (5Ј-GCTTTCGGCAGCATCTTGAAC-5Ј-CCCTCAGTTGGCAGAGTTGTATTG), or dihydrofolate reductase (DHFR) (5Ј-TGGTTTGGATAGTCGGAGGCAG-5Ј-GGGGAGCAGAGAACTTGAAA GC). Primers for B-myb and cyclin E1 have been described previously (39) . Exponential amplifications of PCR products were performed with an initial denaturation step (2 min at 94°C); a series of 18 to 25 cycles between 94°C for 30 s, different annealing temperatures for 30 s, and 72°C for 30 s; and a final extension step for 7 min at 72°C. Annealing temperatures and product sizes for each reaction were as follows: for E2F1, 60°C and 420 bp; for E2F2, 60°C and 289 bp; for E2F3a, 60°C and 309 bp; for E2F3b, 56°C and 189 bp; for E2F4, 59°C and 495 bp; for RB, 56°C and 280 bp; for p130, 57°C and 499 bp; for p107, 50°C (1-min extension) and 936 bp; for p19 ARF , 60°C and 415 bp; for TK1, 59°C and 312 bp; for DHFR, 55°C and 261 bp; for B-myb, 58°C and 350 bp; and for cyclin E1, 55°C and 608 bp.
Immunohistochemistry. Small intestines were processed for immunohistochemistry as described elsewhere (24) . Proliferative status was determined after intraperitoneal injection of 5-bromo-2Ј-deoxyuridine (BrdU; 100 mg/kg of body weight; Sigma) 2 h prior to sacrifice. Intestinal sections were stained with the rat monoclonal antibody BU1/75 (Accurate Scientific, Westbury, NY), and antigenantibody complexes were detected with an ABC Elite kit (rat IgG; Vector Laboratories, Burlingame, CA), followed by development of the peroxidase reaction with diaminobenzidine substrate (Dako). Stained sections of murine intestines were photographed under a Nikon FXA microscope (original magnification, ϫ200).
RESULTS
SV40 T antigen increases p107 and decreases p130 protein levels in enterocytes.
We assessed the steady-state levels of pRb, p107, and p130 by performing immunoblot experiments on extracts prepared from intestinal fractions enriched for enterocytes from T-antigen-expressing mice or their nontransgenic littermates (Fig. 2A) . The pRb and p130 proteins were readily detectable in the growth-arrested enterocytes of nontransgenic mice. T-antigen expression did not alter the levels or phosphorylation state of pRb. In contrast, little or no p130 could be detected in the enterocytes of mice expressing wildtype T antigen, while T-antigen expression induced higher levels of p107. Semiquantitative RT-PCR experiments indicated that the increased p107 levels are due, at least in part, to higher levels of p107 mRNA (Fig. 2B) . T-antigen expression had little or no effect on the abundance of pRb or p130 mRNAs. Previous cell culture experiments showing that T antigen induces the proteasome-dependent degradation of p130 (35) are consistent with these results. We also examined the levels of the pRb, p107, and p130 proteins and mRNAs in enterocytes expressing the T-antigen mutant with the E107K and E108K mutations in the LXCXE motif (TAg 3213 ), which is unable to associate with the Rb family of proteins. Both the T-antigeninduced reduction in p130 protein levels and the increase in p107 protein and mRNA levels depend on an intact LXCXE motif (Fig. 2) . Furthermore, a truncated T antigen, TAg N136 , that consists of the first 136 amino acids of T antigen and includes the J domain and LXCXE motif was sufficient to reduce p130 protein levels and to increase p107 mRNA and protein levels. These results indicate that inactivation of the Rb family by T antigen results in p130 degradation and an increase in p107 transcription. Confirmation that T antigen binds Rb proteins in intestinal epithelial cells was obtained by coimmunoprecipitation experiments. As expected, TAg wt , but   FIG. 2 . Expression of T antigen alters specific Rb family protein and transcript levels in villi, and such alteration is dependent on an intact LxCxE motif. (A) Rb family steady-state protein levels in nontransgenic and T-antigen-transgenic villus samples. Protein extracts from villi of nontransgenic and T-antigen-transgenic mice were subjected to immunoblotting for pRb, p130, and p107. Positive (ϩ/ϩ) and negative (Ϫ/Ϫ) controls refer to normal and KO MEFs, respectively. Protein levels for ␤-tubulin were used as loading controls. Arrow indicates the position of p130. (B) Rb family steady-state transcript levels in nontransgenic and T-antigen-transgenic villus samples. Equal amounts of cDNAs reverse transcribed from total RNA extracts from villi of nontransgenic and T-antigen-transgenic mice were subjected to PCR amplification using specific primers for pRb, p130, and p107. Transcript levels of Adh5 were used as loading controls. T antigen disrupts p130-E2F DNA complexes. Rb proteins exert their effects in part by binding and regulating the E2F family of transcription factors. To examine the effects of Tantigen expression on Rb-E2F DNA binding complexes, we performed a series of EMSA experiments. When a radiolabeled DNA consensus E2F probe is incubated with extracts from normal growth-arrested enterocytes and resolved on a nondenaturing gel, three main shifted bands are observed (Fig.  3A) . Competition experiments with an unlabeled wild-type or mutant probe indicated that all three bands represent specific protein-DNA complexes (data not shown).
To determine which Rb proteins were present in these complexes, we performed antibody supershift experiments (Fig.  3B) . The specificity of the antibodies used in these experiments was confirmed using insect cell lysates overexpressing pRb-E2F complexes or intestinal extracts obtained from p130-or p107-null mice (data not shown). The slowest-migrating species consisted of p130 bound to E2F. The two faster-migrating species contained E2F-DNA complexes without any Rb proteins. The same three E2F-DNA complexes were seen in enterocytes expressing the mutant TAg 3213 , defective in binding of Rb proteins (Fig. 3A) . In contrast, no p130-E2F complexes were detected in enterocytes expressing TAg wt or the truncation mutant TAg N136 . In addition to the Rb-free E2F complexes found in control mice, these cells contained minor amounts of complexes containing p107 or pRb and one additional Rb-free E2F complex. None of these complexes were present in nontransgenic or TAg 3213 -expressing enterocytes. T-antigen expression in enterocytes induces a new pattern of Rb protein-free E2F complexes. EMSA and antibody supershift experiments revealed the presence of two Rb-free E2F-DNA complexes in the villi of nontransgenic mice and three species in TAg wt -transgenic animals (Fig. 3A) . A detailed characterization of the complexes was performed (Fig. 3B) . The slowest-migrating species corresponded to E2F4, while the fastest species contained E2F5. Levels of both of these species were greatly enhanced in extracts prepared from transgenic mice, suggesting that T-antigen expression results in increased E2F4 and E2F5 DNA binding. In addition, DNA complexes containing E2F2 and E2F3a were detected in the proliferating enterocytes from TAg wt -and TAg N136 -expressing intestinal villi. Protein extracts from gene KO mice were used to confirm the specificity of the antibodies used in the supershift experiments (data not shown).
T antigen upregulates E2F2, E2F3a, and E2F-responsive genes. We explored the molecular mechanisms leading to increased E2F-DNA binding activity in T-antigen-expressing enterocytes. Semiquantitative RT-PCR experiments showed higher E2F2 and E2F3a mRNA levels in T-antigen-expressing intestines (Fig. 4A) . In each case, the increase in the mRNA level required the LXCXE motif but not the carboxy-terminal region of T antigen. The levels of E2F3b and E2F4 mRNAs did not change in response to T antigen.
Concomitantly with the increases in E2F2 and E2F3a mRNA levels, Western blot analysis showed higher levels of E2F2 and E2F3a proteins in TAg wt -expressing intestinal extracts (Fig. 4B) . Similarly, increased levels of E2F2 and E2F3a were observed in mice expressing TAg N136 . Normal levels of E2F2 and E2F3a were seen in TAg 3123 mice, indicating that their upregulation requires an intact LXCXE motif. Furthermore, this increase correlated with a change in the protein migration pattern, but at this time the cause of the altered mobility of E2F3a in transgenic intestines has not been elucidated. E2F1 protein levels were very low and were detectable only in nuclear extracts from murine villi. Under those conditions, we also observed a modest increase in the steady-state levels of E2F1 (Fig. 4B) . T-antigen expression did not significantly alter the steady-state levels of E2F3b or E2F4 (data not shown).
The appearance of new DNA complexes containing the activating E2Fs, E2F2 and E2F3a, should lead to increased E2F-dependent transcription. To test this, we used semiquantitative RT-PCR to assess the mRNA levels of five genes known to be regulated by E2F: thymidine kinase, B-myb, DHFR, cyclin E1, and p19 ARF (Fig. 4A) . Each of these showed increased mRNA levels in the presence of wild-type T antigen, and in each case the elevation in mRNA levels depended on a functional interaction through the LXCXE domain.
T-antigen-induced hyperplasia is reduced in the absence of E2F2 and E2F3a. To determine if the induction of E2F2 and E2F3a contributes to T-antigen-mediated hyperplasia, we generated T-antigen-expressing transgenic mice in an E2F1-, E2F2-, or E2F3a-null background and assessed their morphology and proliferative status (Fig. 5) . E2F1-and E2F2-null mice have been generated previously and have no intestinal defects (9, 20, 41) . E2F3a KO mice have been generated in our group and show no signs of intestinal anomalies (R. Opavsky et al., unpublished data). The partial (n ϭ 6) or complete (n ϭ 9) removal of E2F1 had no effect on the ability of T antigen (n ϭ 17) to induce intestinal hyperplasia (Fig. 5B and C) . Concomitantly, ectopic proliferation induced by T antigen was not diminished by the absence of E2F1 (Fig. 6A) . In contrast, the loss of E2F2 in T-antigen-expressing intestines (n ϭ 5) resulted in an intermediate phenotype, comprising areas of normal and hyperplastic tissue, where the proliferative cells extended to the differentiation zone ( Fig. 5B and D) but the total numbers of proliferative cells in both the villi and the crypts were drastically diminished in comparison to those for the mice expressing T antigen in the presence of E2F2 (Fig. 6A) . Further removal of E2F3a in TAg ϩ ; E2F2 KO mice (n ϭ 3) did not Fig. 6A ), suggesting that E2F2 is the primary mediator of T-antigen-induced proliferation. The residual ectopic proliferation observed in TAg wt ; E2F2 KO or TAg wt ; E2F2 KO; E2F3a KO mice did not appear to be caused by upregulation of the other main activator (E2F1), because the steady-state levels of E2F1 remained the same in all intestines expressing T antigen, regardless of the genetic background (Fig. 6B) .
Despite having reduced numbers of cycling enterocytes, mice expressing T antigen in the absence of E2F2 and/or E2F3a still showed histological abnormalities of the villi and a partial hyperplastic phenotype ( Fig. 5D and E; compare with Fig. 5A ). Presumably this altered tissue structure is due either to enterocytes that are stimulated to proliferate even in the absence of the activating E2Fs or to some T-antigen activity that acts independently of the E2Fs. Finally, we note that this is the first description of E2F2 playing a direct role in oncogenesis. The results reported here firmly establish the requirement for activating E2Fs in SV40-mediated transformation.
DISCUSSION
In this paper, we show that a specific activating E2F transcription factor, namely, E2F2, is required for the induction of enterocyte proliferation and intestinal hyperplasia by SV40 large T antigen. Our results support a model in which Rbmediated repression of E2F-dependent transcription is the major mechanism that maintains enterocyte growth arrest. T antigen stimulates enterocyte proliferation by destroying p130-E2F4 repressive complexes and increasing the levels of activating E2Fs, most notably E2F2. The increased levels of E2F2 result in the expression of E2F-regulated genes and the induction of enterocyte proliferation. The number of proliferating enterocytes is greatly reduced in T-antigen-transgenic mice lacking E2F2. These results demonstrate that E2F-dependent gene expression is required for the transformation of enterocytes by SV40.
The mouse small intestine provides an in vivo model for studies of cell growth regulation. This tissue consists of stem cells and pluripotent progenitor cells that lie in the crypts, invaginations located below the villi within the stromal tissue. These structures harbor a population of about 300 cycling cells that differentiate to give rise to the villi, finger-like projections that project into the intestinal lumen. The villi are composed of three epithelial cell types-enterocytes, goblet cells, and enteroendocrine cells-the vast majority of which are enterocytes (12, 32) . Expression of the SV40 large T antigen (TAg wt ) in the enterocytes of transgenic mice induces ectopic cell proliferation and results in intestinal hyperplasia (15, 18) . TAg wt induces cell proliferation, in part by binding the Rb family of tumor suppressor proteins via its LXCXE motif, and, in cooperation with its J domain, is able to eliminate the repression of E2F-dependent transcription mediated by pRb's (36; reviewed in reference 31). Expression of truncated T-antigen mutants containing the J domain and LXCXE motif is also able to induce enterocyte proliferation and hyperplasia (17; M. T. Sáenz-Robles et al., unpublished data). In contrast, enterocytes expressing a mutant T antigen that is unable to interact with Rb proteins remain growth arrested, indicating that the inhibition of the Rb family is required for entry of the enterocytes into the cell cycle and for intestinal hyperplasia (4). These results are consistent with gene KO studies indicating that inactivation of pRb in embryonic intestines induces hyperproliferation and abnormal gut formation (42) and that the ablation of both pRb and either p107 or p130 in adult villi is required to induce enterocyte proliferation (14, 19) .
We have taken advantage of the morphology of the mouse intestine to physically separate the villus epithelial cells from the crypts and underlying mesenchyme. This allowed us to obtain extracts of highly enriched enterocytes for molecular analysis (24) . We find that normal growth-arrested enterocytes contain abundant p130-E2F4 complexes. As expected, enterocytes express very low levels of E2F-dependent genes and of genes involved in DNA replication or cell cycle progression. Enterocytes expressing the large T antigen contain little or no p130, consistent with cell culture experiments demonstrating that T antigen induces the proteasome-dependent degradation of p130 (35) .We also observe that T-antigen expression results in a change in the phosphorylation state and subcellular localization of E2F4 (data not shown). In addition, T-antigen expression results in a significant increase in E2F4-DNA complexes, even though E2F4 protein levels remain unchanged. Previous reports (7, 11) have suggested a correlation between the phosphorylation status of E2F4 and its role in cell proliferation, but at present we do not know if the change in E2F4 phosphorylation is related to changes in its DNA binding activity or to its redistribution from the cytoplasm to the nucleus. Since the repressive complexes consist of E2F4 in association with p130, we do not think E2F4 acts as a re- pressor in the presence of T antigen, despite the changes observed in DNA binding activity and phosphorylation state. Additionally, T-antigen expression results in marked increases in the levels of E2F2 and E2F3a proteins, as well as in the appearance of E2F2-and E2F3a-DNA complexes. A modest increase in E2F1 levels is also observed, but we do not detect any E2F1-DNA complexes. Consistent with this observation, E2F-dependent genes, as well as DNA replication genes and genes associated with cell cycle progression, are upregulated in T-antigen-expressing enterocytes. The increased levels of E2F2, E2F3a, and E2F-dependent genes require T-antigen binding to Rb proteins. Furthermore, a truncated T antigen capable of inactivating all the Rb proteins also induces expression of E2F2 and E2F3a and of E2F-dependent genes.
We tested the hypothesis that specific E2Fs mediate the ectopic enterocyte proliferation induced by T antigen by generating mice expressing the oncogene in a genetic background void of E2F1, E2F2, or both E2F2 and E2F3a. We observed that elimination of E2F2 by itself or in conjunction with E2F3a reduces the hyperplastic and proliferative phenotype observed in TAg wt -expressing mice. In contrast, the absence of E2F1 has no effect on T-antigen-induced enterocyte proliferation. The residual ectopic proliferation observed in transgenic mice without functional E2F2 or without functional E2F2 and E2F3a cannot be attributed to compensation through upregulation of E2F1, since no increase in E2F1 steady-state levels is observed in TAg wt -expressing mice lacking those activator E2Fs. In agreement with our results, expression of E2F1 in the enterocytes of transgenic mice does not induce ectopic proliferation (4). Other transgenic systems have shown involvement of E2F1 in either the apoptosis (2) or both the proliferation and the apoptosis induced by T antigen (27) . Thus, the specific E2F family members that drive proliferation may depend on the cell type and context used.
Although Rb proteins are able to interact with and presumably regulate the activity of a number of proteins in addition to E2F, our results suggest that the Rb/E2F pathway is a main mediator of ectopic cell proliferation in enterocytes. Nevertheless, our experiments address only the roles of E2F2 and E2F3a in the reentry of growth-arrested enterocytes into the cell cycle. Thus, the events leading to the exit of pluripotent progenitor cells from the cell cycle during differentiation, or those that govern the continuous cycling of progenitor or stem cells, may differ from those observed here.
